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ABSTRACT 
 
Trimethylamine N-Oxide (TMAO), guanidinium, and urea are three important 
osmolytes with their main significance to the biophysical field being in how they 
uniquely interact with proteins. TMAO is known to stabilize and counteract the 
destabilizing effects of both urea and guanidinium. The exact mechanisms by which 
TMAO stabilizes and both guanidinium and urea destabilize folded proteins continue 
to be debated in the literature. Some studies suggest that solvent interactions do not 
play a large role in TMAO’s stabilizing effects and therefore advocate direct 
stabilization, whereas others suggest that TMAO counteracts denaturation primarily 
through an indirect effect of strong solvent interactions. Herein, we use Raman 
spectroscopy to elucidate the physical interactions between the osmolytes of interest 
in aqueous solutions to better understand how they interact with each other and affect 
adjacent hydrogen-bonding networks of water. Comparing experiment to theory yields 
good agreement, and it was determined that adding TMAO into both an aqueous 
solution of guanidinium and an aqueous solution of urea induces a blue shift (shift to 
higher energy) in both urea and guanidinium’s H-N-H bending modes, which is 
indicative of direct interactions between the osmolytes.  
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CHAPTER 1 
INTRODUCTION TO NONCOVALENT INTERACTIONS 
 
1.1 Types of Bonds 
When atoms come close together, electrons in their valence shells can interact with 
each other, and consequently form a bond.1 Ionic bonding refers to a bond formed 
between a non-metal and a metal, where the non-metal is an anion and the metal 
is a cation.2 This involves a complete transfer of valence electrons from atom to 
another.2 One of the strongest types of bonds present in nature is a covalent bond. 
A covalent bond forms between two nonmetals.1-4 Two different types of covalent 
bonds are nonpolar covalent and polar covalent. Nonpolar covalent bonds are 
formed between two of the same atoms, or between two atoms with similar 
electronegativities. Consequently, the number of electrons shared between both 
atoms are the same.3 Diatomic molecules, such as H2, I2, and Br2, are common 
examples of molecules containing nonpolar covalent bonds. On the other hand, 
polar covalent bonds form between two different atoms with different 
electronegativities, resulting in an unequal sharing of electrons.2-4 This unequal 
sharing of electrons can be characterized by the difference in charges of the two 
atoms.2-4 One of the atoms usually possesses a partial negative charge, whereas the 
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other has a partial positive charge.2-4 Common examples of molecules with polar 
covalent bonds are water and hydrochloric acid.  
Covalent bonds form largely as a result of electrostatic interactions between 
the nuclei and the bonding electrons located in the space between the nuclei, 
resulting in a filled bonding molecular orbital.5 Additionally, the distance between 
the two nuclei impacts the stability of the bond formed.2-4 Valence Bond Theory 
can be used to further describe the stability of the interaction formed by a covalent 
bond.  Figure 1.1 illustrates the energy of a system for a diatomic molecule as a 
function of internuclear distance.  
 
Figure 1.1 Morse Potential of H2. 
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When the two atoms are far apart from each other, they do not interact; 
however, as the atoms move closer together, attractive forces increase as the 
orbitals overlap with each other, resulting in a decrease in energy.2-4  As the orbitals 
become closer together, repulsion between the electrons also increases.4 At a certain 
bond distance, the molecule achieves its lower energy conformation, illustrated by 
the minima shown in Figure 1.1. 2-4  If the distance between the atoms continues 
to decrease, repulsive forces between the electrons dominate, decreasing its overall 
stability and increasing the energy.4  
On the other hand, when molecules interact with each other and no covalent 
bonds are formed or broken, a molecular cluster is formed.6 This phenomenon is 
commonly categorized as noncovalent interactions, and these interactions are 
significantly weaker than covalent bonds.6 Nevertheless, these interactions play an 
important role in stabilizing several important biological macromolecules, namely: 
DNA and proteins.  
 
1.2 Noncovalent Interactions 
Noncovalent interactions can significantly impact a molecular system, and are 
responsible for biologically relevant phenomena such as pi-stacking, hydrophobic 
interactions, hydrogen bonding, and metal coordination.6 Metal coordination plays 
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an important role in the human body, as heme groups containing iron centers are 
responsible for delivering oxygen to tissues.6, 7 Additionally stacking interactions, 
hydrophobic interactions, and hydrogen bonding all play an important role in 
maintaining the integrity of DNA’s double helix.6-8 Consequently, elucidating the 
impact of noncovalent interactions on a system in order to gain insight into its 
biological function is of utmost importance; however, this can prove to be 
particularly challenging when using computational methods, such as the methods 
employed in this work.6,9,10  
There are several types of noncovalent interactions that are of importance 
in biological macromolecules, namely, dispersion forces, dipole-dipole, ion-dipole, 
and hydrogen bonding.2 Dispersion forces exist within all molecules and atoms, and 
are caused by the instantaneous dipole that results from the constant movement 
of electrons.11 This instantaneous dipole occurs when the electrons are unevenly 
distributed around the nucleus.11 These molecules impact neighboring molecules, 
as the positive end instantaneous dipole attracts the end of the negative end of 
another molecule’s dipole.2 Moreover, dispersion forces increase with a molecule’s 
size: larger molecules have more dispersion forces, and consequently, have a larger 
electron cloud.11 Ion-dipole forces result from the mixture of an ionic molecule (such 
as NaCl) with a polar compound.2 Both the positively and negatively charged ions 
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interact with water, where the positively charged ions interact with the polar 
compound’s negative pole, and the negatively charged ions interact with the 
positive pole.2 Dipole-dipole interactions occur between polar molecules, or 
molecules with a permanently induced dipole.2 These molecules have an uneven 
distribution of charge density within the molecule, resulting in each molecule 
possessing an electron-rich region, and an electron-deficient region.2,4 This 
facilitates their interaction with other polar molecules.2 Hydrogen bonding is a 
special type of dipole-dipole interaction that occurs when hydrogen atoms are 
bonded to electronegative atoms such as fluorine, oxygen, or nitrogen.2  
 
1.2 Hydrogen Bonding  
The concept of hydrogen bonding first emerged in the twentieth century, when 
Latimer, Rodenbush, and G.N. Lewis sought to describe the properties of water.12 
They first described a hydrogen bond by suggesting that the free pair of electrons 
on oxygen might have the capability to exert a force on a neighboring hydrogen 
atom that would bind the molecules together.12,13 Linus Pauling first coined the 
term hydrogen bond in 1939, describing it as a hydrogen atom attracted by force 
to two atoms.13 However, Pauling described the bond as a result of ionic forces.13 
In 1960, George Pimentel and Aubrey McClellan defined the hydrogen bond as a 
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bond that exists between a functional group and an atom when there is both 
evidence of bond formation and that this new bond specifically involves a hydrogen 
atom.12,13 Their definition is consistent with the definition for a hydrogen bond 
commonly used today. In 2011, IUPAC formally defined a hydrogen bond as such: 
“The hydrogen bond is an attractive interaction between a hydrogen atom from a 
molecule or a molecular fragment X–H in which X is more electronegative than H, 
and an atom or a group of atoms in the same or a different molecule, in which 
there is evidence of bond formation.”14   
 Hydrogen bonding plays an important role in the stability of biological 
macromolecules and processes, such as protein folding and holding DNA together, 
and in understanding the properties of water as the universal solvent.15-17 Hydrogen 
carries a positive charge, while the other more electronegative atom carries a 
negative charge and possesses a lone pair of electrons.2,18 The large differences in 
electron density contributes to the differences in these charges.2 Although covalent 
bonds are considered to be one of the strongest types of bond, hydrogen bonding 
is the strongest intermolecular force.2  
Hydrogen bonding plays an important role in water’s ability to act as a 
solvent. Water molecules can form a maximum of four hydrogen bonds, with the 
oxygen atom forming a maximum of two hydrogen bonds, and each hydrogen atom 
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forming one bond.19 The arrangement of water molecules and their respective 
hydrogen bonds is impacted by both temperature and pressure.19 Water molecules 
tend to be less ordered at higher temperatures and more ordered at lower 
temperature.19   
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CHAPTER 2 
SPECTROSCOPY 
 
2.1 Principles of Light-Matter Interactions 
Spectroscopy is the study of matter through its interactions with light, which can 
be used to determine molecular properties.20,21 Light, also known as electromagnetic 
radiation, acts as both a wave and a particle.22 This phenomenon is known as wave-
particle duality, and thus, it exhibits properties of both waves and particles.22 
Moreover, light is composed of quantized units called photons, meaning that if a 
molecule absorbs a photon, the electrons in the molecule will be promoted to an 
excited state.21 This phenomenon can only occur when the energy of the photon 
(E) matches the energy between the quantum states.23 Einstein proposed the theory 
that light is quantized, and postulated that energy depends on frequency.23 Since 
frequency can also be related to wavelength, Equation 2.1 can be used to express 
the energy of a photon. 					E  =  hν  =  hc
λ
							               (2.1) 
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 In this equation, both h and c are constants, where h is Planck’s constant 
(6.626 x 10-34 Js), and c is the speed of light (3.0 x 108 m/s). Notably, this equation 
shows the inverse relationship between frequency and wavelength, and their 
relationship with energy. The electromagnetic spectrum illustrates the different 
types of light waves in relation to each other (Fig 2.1).24 
       
     Figure 2.1 Electromagnetic Spectrum 
 
All light waves can behave in a similar nature, as light is either scattered, 
reflected, absorbed, refracted, polarized, or diffracted.23,24 Scattering of light occurs 
when light bounces off an object and travels in different directions.23,24 An example 
of scattering is Rayleigh Scattering, which is responsible for the blue sky.23,24 
Reflection occurs when light comes in contact with an object and bounces off of 
it.23,24 It is important to note that light that gets reflected is the color of an object, 
and all the other colors get absorbed.23,24 Absorption refers to the phenomenon that 
occurs when light comes in contact with molecules and atoms, consequently causing 
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them to vibrate or undergo electronic excitation.23,24 Moreover, if the wavelength 
of light matches the energy gap between the two levels, then it can be absorbed. 
This results in the promotion of electrons to excited states. When light waves come 
in contact with a different medium, or pass from one medium to another (if the 
two media have different indexes of refraction), they change directions.23, 24 This is 
known as refraction. The diffraction of light occurs when light waves bend around 
an obstacle.23, 24 Spectrometers often use diffraction of light by slits, gratings, or 
prisms to select a specific wavelength.23,24   
There are four main transitions associated with different energetic degrees 
of freedom, namely: translational, rotational, vibrational, and electronic.23 It takes 
more energy to transition between electronic energy levels than rotational and 
vibrational energy levels. Figure 2.2 illustrates the transitions between different 
energy levels. Vibrational energy levels and Stokes scattering are discussed in 
further detail in the following section.  
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Figure 2.2 Types of different electromagnetic transitions.   
 
2.2 Vibrational Spectroscopy  
Molecular vibrations can be used to provide information about the physical 
properties of a compound, especially with regards to its structure and chemical 
bonds. When a molecule absorbs a photon, it gets excited to a higher energy state, 
causing a vibration to occur.23,25,26 Selection rules serve to select which transitions 
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can actually take place.23 The selection rule for vibrational transitions states that 
a transition is allowed if Δv = ± 1, where v is the vibrational energy. However, 
overtone and combination bands do not follow Δv = ± 1.  
Molecular vibrations can be compared to the motions of a spring, which can 
be modeled using the harmonic oscillator.23 Using this model, the two atoms are 
connected by a chemical bond, which is best represented by a spring.23 The spring 
described by this model obeys Hooke’s law. 
 F = − kx     (2.2) 
In Equation 2.2, F is the force, k is the spring constant, and x is the 
displacement. The spring is at equilibrium when x = 0. Moreover, the potential 
energy (Us) of this system can be described using Equation 2.3 In this equation ω  
represents the angular momentum.       
	Us  = 12  kx2  =  12 kω!x!							   (2.3) 
 
Using the above equation, the quantum mechanical harmonic oscillator 
model can be obtained, in order to solve the Schrödinger equation (Eq. 2.5). The 
motion of the spring can be modeled as a longitudinal wave. The wavefunction can 
then be described using Equation 2.4.  
ψ(x,t)  =  Aei(kx-ωt)	                                 (2.4)  
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&ℏ2
2m
d2
dx2
+ 1
2
kx2'ψ(x)  =  Eψ(x)   (2.5) 
In this equation, m represents the mass, which can be replaced by µ, the 
reduced mass, if the masses are different. Moreover, ℏ is equal to Planck’s constant 
divided by 2π. Equation 2.6 represents the reduced mass, where m1 and m2 
represent the masses of each atom in the molecule.  
µ = m1m2
m1+m2
     (2.6) 
Consequently, the energy levels for a diatomic molecule can be represented 
by Equation 2.7. The energy levels are evenly spaced, regardless of the integer 
number of n, with the energy increasing linearly as n increases.27  
E =  (n+ 1
2
) ℏ )kµ       (2.7) 
The vibration of the molecular system can be determined using Equation 
2.8, where v represents the frequency of vibration, k is the spring constant, and µ 
represents the reduced mass. 
			v = 1
2π)kµ					                             (2.8) 
However, the energy of the photon is most commonly described by using the 
wavelength.2,23 Another unit commonly employed is the wavenumber, v*, which is 
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most often used when describing vibrational absorption of molecules.2,23 The 
wavenumber is expressed in units of cm-1, and can be found using Equation 2.9, 
where the sole difference between Equation 2.8 and Equation 2.9 is the inclusion 
of c, which is the speed of light.   
			v*	=	 1
2πc)kµ             (2.9)  
In order to determine the vibrational modes of a molecule, it is important 
to describe the position of an atom. For a single atom, three coordinates‒x, y, and 
z‒can be used to describe its position.28 However, for a molecule with N atoms, 
there are three normal modes that describe the translational motion of molecules. 
Consequently, the number of vibrational modes is equal to 3N−6. For a linear 
molecule, the number of vibrational modes is equal to 3N−5. This occurs because 
rotation around the linear axis does not alter the moment of inertia.28,29 Moreover, 
a molecule can have different types of vibrational motions. Stretching motions 
include both symmetric and antisymmetric stretching, and bending motions include 
rocking, wagging, twisting, and scissoring motions.23 Figure 2.3 illustrates the 
different types of vibrational motions for a molecule.  
 
15 
 
 
Figure 2.3 Stretching and bending vibrations for a molecule. 
 
2.3 Raman Spectroscopy  
In 1928, Sir C.V. Raman performed an experiment where he used light from a 
mercury lamp in order to analyze benzene, resulting in an unexpected scattering of 
light.23 He observed its Raman spectrum, where the scattered light that emitted 
from the sample was different from the wavelength of the source.23 This 
phenomenon was known as the Raman effect. Raman spectroscopy results from the 
inelastic scattering of photons resulting from an interaction with matter.23 Raman 
spectroscopy is considered to be complementary to IR, as both techniques focus on 
elucidating the vibrational modes of a molecule.23 For a molecule to be IR active 
it must undergo a net change in its dipole moment during its vibration.23 In order 
for a molecule to be Raman active there must be a change in polarizability, in 
which the change in polarizability is asymmetric.23 Consequently, certain vibrations 
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that are Raman active are not IR active and vice versa. It is possible, however, for 
a vibrational mode to be both IR and Raman active, or neither IR nor Raman 
active. Generally, symmetric vibrations are Raman active, whereas asymmetric 
vibrations and bending vibrational modes are IR active.23 Most importantly, if a 
molecule has both IR and Raman signals that occur at the exact same frequency, 
then either the Raman peak or the IR peak is of greater intensity than its 
counterpart.23 For molecules that are symmetrical about a central atom--such as 
carbon dioxide and benzene--both a Raman and IR active peak cannot co-exist at 
the same vibrational frequency because these molecules have a center of 
inversion.23 This is known as the rule of mutual exclusion.23  
Polarizability is defined by the ease by which a molecule will distort its 
electron cloud in response to an electric field.23  Generally, larger molecules will 
have larger polarizability because of their increased number of electrons.  Equation 
2.9 shows the relationship between the induced dipole moment,  µind, polarizability, 
α, and the external electric field applied to a molecule.  			  µind = αE          (2.9) 
An electric field with a frequency of v0 can be expressed using Equation 2.9, 
as light consists of oscillating magnetic and electric fields that are perpendicular to 
each other.30,31  
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E = E0cos(2πv0t)                (2.10) 
Since the polarizability of a molecule is impacted by the shape of the 
molecule and type of atoms, it can change as the molecule vibrates.30-32  
Consequently, the polarizability can be described using a Taylor Series 
expansion.30-33   
α=	α0+ +δαδr,r0 (r-r0)                      (2.11) 
Conversely, the vibration of the molecule can be expressed using Equation 
2.12.30-33 Note that qi can be used instead of r, as qi is defined as a displacement 
coordinate, which corresponds to a change in radius that is dependent upon the 
normal mode. 
qi=qi
0cos(2πνit)             (2.12) 
Considering polarizability as resulting from a vibrational displacement 
rather than a change in radius results in the derivation of Equation 2.13.  
α= α0+ - δαδqi.0 qi0cos(2πvit)     (2.13) 
Now, considering the original equation for the induced dipole moment, 
Equation 2.9 and Equation 2.10 can be substituted for E, and Equation 2.13 can 
be substituted in for α. These substitutions result in Equation 2.14.  
										µind= α0E0cos(2πv0t)+ - δαδqi.0 E0cos(2πv0t)qi0cos(2πvit)      (2.14) 
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In Equation 2.14 there is a multiplication of two different cosine terms. In 
order to solve for this, the trigonometric identity, shown in Equation 2.15 can be 
applied, consequently resulting in Equation 2.16. This represents a classical identity 
describing Raman scattering.30-33 
					cosAcosB= 1
2
[cos(A + B)+cos(A - B)]           (2.15) 
        µind=α0E0cos(2πv0t)+ 
#! - δαδqi.0 E0qi0[cos(2π(v0-vi)t)+cos(2π(v0+vi)t)]  (2.16) 
In Equation 2.16, the incident frequency is defined as v0. This can be used 
to describe Rayleigh scattering. Stokes scattering is represented by v0 -v, which 
symbolizes scattering that occurs at a lower vibrational frequency.30-33 Lastly, anti-
Stokes scattering is represented by v0 + v, where scattering occurs at a higher 
vibrational frequency.30-33 
 As detailed in Equation 2.16, there are three different types of transitions 
that are associated with Raman spectroscopy: Rayleigh scattering, Stokes 
scattering, and anti-Stokes scattering. Figure 2.4 illustrates Rayleigh, Stokes, and 
anti-Stokes scattering. 
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Figure 2.4 Rayleigh, anti-Stokes, and Stokes scattering.  
 
Rayleigh scattering occurs when the energy of the scattered photon is the 
same as the emitted photon, meaning that if the photon is originally at the 
vibrational ground state and gets excited to a virtual state, the molecule will return 
to the vibrational ground state.23 Consequently, Rayleigh scattering is known as 
an elastic process. On the other hand, both Stokes and anti-Stokes scattering are 
inelastic processes, and these are important for Raman scattering. Stokes scattering 
occurs when the energy of the emitted photon is less than the scattered photon. 
The photon will begin at the vibrational ground state, but following excitation it 
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will relax to a vibrational excited energy state. Anti-Stokes scattering starts at the 
vibrational excited state instead of starting at the vibrational ground state, and 
following excitation, the photon will relax to the vibrational ground state.23 This 
results in the energy of the emitted photon being greater than the energy of the 
scattered photon.23 Stokes lines are most commonly observed at room temperature. 
Anti-Stokes lines are extremely rare due to the prerequisite of the molecule being 
in a vibrational excited state, which is not typically seen at room temperature.23  
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CHAPTER 3 
COMPUTATIONAL CHEMISTRY  
 
3.1 The Schrödinger Equation 
The primary goal of computational chemistry largely revolves around its capability 
to aid in the interpretation of physical measurements, predict the behavior of a 
system, and provide insight into the complex nature of a system.34 Quantum 
mechanics provides the means by which to achieve these goals.34 In quantum 
mechanics, particles exhibit wave-like properties, whose behavior can be elucidated 
by solving the Schrödinger Equation (Eq. 3.1).35  
H1ψ=Eψ      (3.1) 
The Schrödinger equation includes the Hamiltonian operator (H1), the 
wavefunction (ψ), and the total energy of the particle (E).34 The Hamiltonian 
represents the sum of both the kinetic (T) and potential energies (V) in a system.36 
More specifically, the Hamiltonian accounts for the electron kinetic energy (T1e), 
nuclear kinetic energy (T1n), electron-nuclear attraction (V1ne), electron-electron 
repulsion (V1 ee), and nuclear-nuclear repulsion (V1nn).36,37,38  
H1  = T1n + T1e + V1nn + V1ne + V1ee                 (3.2) 
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However, the time-independent Schrödinger equation can only be solved for 
a one electron system.37 Therefore, larger systems require using approximations in 
order to solve the equation.37  
One of the approximations used is the Born-Oppenheimer approximation 
which assumes that electron and nuclear motions can be separated.  Nuclei remain 
fixed in place relative to electrons due to the nuclei possessing a comparatively 
much larger mass.36,37,38 Consequently, using Equation 3.2, T1n  becomes zero and 
V1nn  becomes a constant, since the nuclei are fixed in place. Equation 3.3 shows 
the electronic Hamiltonian equation, and Equation 3.4 shows the re-written 
electronic Schrödinger equation.36,38  						H1 elecψelec= Eelecψelec						            (3.3) 																											H1 elec =  T1e + V1 ee+ V1ne  + constant                  (3.4) 
The second approximation involves the product of several single-electron 
wavefunctions. This is known as the Hartree product, which depends on both 
spatial and spin coordinates.41  
ψHP(r1,r2,… ,rN)=ϕ1(r1)ϕ2(r2)…	ϕN(rN)          (3.5) 
 The Hartree product (Eq. 3.5) gives us a symmetric wave function, so it 
does not fully describe the behavior of electrons since it does not account for spin.39-
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41 This corresponds with the Pauli Exclusion Principle, which states that each 
electron must have different quantum numbers, and in order to occupy the same 
orbital, two electrons must have opposite spin values.2 In order to satisfy these 
requirements, a Slater determinant for the new wavefunction can be constructed, 
where N represents the number of electrons, XN represents spin states, and Xe 
represents the electrons.39-41  
ψ= 1√N! ⎣⎢⎢⎢
⎡χ1(x1) χ2(x1)
χ1(x2) χ2(x2)
⋯ χN(x1)χN(x2)⋮ ⋱ ⋮
χ1(xe) χ2(xe) ⋯ χi(xe) ⎦⎥⎥
⎥⎤     (3.6) 
Most importantly, the determinant will change signs with the exchange of 
any two rows, and if two electrons occupy the same column (spin state), then the 
determinant will equal to zero.41-43 The Hartree-Fock approximation aims to solve 
a multi-electron Schrödinger Equation by using a single Slater determinant 
consisting of the lowest energy combination of spin orbitals.41,42 This involves 
creating Self-Consistent Field (SCF) equations and using another approximation, 
where the equations are rewritten as a linear combination of atomic orbitals 
(LCAO).41,42  
Different electronic structure methods can be used in order to solve for the 
Schrödinger Equation. Semi-Empirical methods focus on simplifying the Hartree-
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Fock approximation.44 This method often results in quicker computing time, as it 
only considers valence electrons and uses approximations for one and two electron 
integrals.44 Although this method can work relatively well for larger systems, it is 
often error prone.44 On the other hand, ab intio methods aim to solve the time-
independent Schrödinger Equation with great accuracy.45 Consequently, this 
method can be quite expensive for larger systems.45 Most methods also involve 
using basis sets. Basis sets are a set of functions used to define the orbitals.42,46,47 
There are several different types of basis sets that can be used, and it is important 
to take into account the nature of the system when choosing an appropriate basis 
set.  
 
3.2 Computational Methods 
Full geometry optimizations and corresponding harmonic frequency calculations 
were performed using common Density Functional Theory (DFT) methods. DFT 
methods are frequently used when investigating larger molecular systems due to 
their relative low-cost and accuracy.43 These methods are based on the 
mathematical theorems proposed by mathematicians Pierre Hohenberg and Walter 
Khon.48 They proposed theorems that related the ground state energy of the 
Schrödinger equation to electron density.48,49 This in turn simplifies the system and 
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allows it to be more easily calculable, as the functional for electron density relies 
on an electron’s x, y, and z coordinates.43,48-50 In comparison to Hartree-Fock 
approximation methods, DFT methods attempt to account for the interaction of 
electrons in a system.43,48-50  
Specifically the M06-2X51 functional, and Dunning’s aug-cc-pVDZ and aug-
cc-pVTZ basis sets52-54 were used for work included in Chapters 4 and 5. DFT 
methods have been previously used to study similar biomolecules,55-60 with M06-
2X specifically being shown to account for the dispersion that affects the hydrogen 
bonding interactions occurring in aqueous solvation shells due to long range 
electron correlation.61-64 Lorentzian-type functions for each normal mode were 
combined in order to create the simulated Raman spectra.65 Zero point energy 
(ZPE) corrections were applied for the comparison of relative energetics. 
For both projects included in this work (Chapters 4 and 5), we collaborated 
with Professor David Magers (Mississippi College) for the computational work. 
Professor Magers performed full geometry optimizations and corresponding 
harmonic frequency calculations included in this thesis.  
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CHAPTER 4 
NONCOVALENT INTERACTIONS BETWEEN TRI-
METHYLAMINE N-OXIDE (TMAO), UREA, AND WATER 
 
4.1 Abstract 
Trimethylamine N-Oxide (TMAO) and urea are two important osmolytes with 
their main significance to the biophysical field being in how they uniquely interact 
with proteins. Urea is a strong protein destabilizing agent, whereas TMAO is 
known to counteract urea’s deleterious effects.  The exact mechanisms by which 
TMAO stabilizes and urea destabilizes folded proteins continue to be debated in 
the literature. Although recent evidence has suggested that urea binds directly to 
amino acid side chains to make protein folding less thermodynamically favored, it 
has also been suggested that urea acts indirectly to denature proteins by 
destabilizing the surrounding hydrogen bonding water networks. Here, we elucidate 
the molecular level mechanism of TMAO’s unique ability to counteract urea’s 
destabilizing nature by comparing Raman spectroscopic frequency shifts to the 
results of electronic structure calculations of micro-solvated molecular clusters. 
Experimental and computational data suggest that the addition of TMAO into an 
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aqueous solution of urea induces blue shifts in urea’s HNH symmetric bending 
modes, which is evidence for direct interactions between the two co-solvents. 
 
4.2 Introduction  
Trimethylamine N-oxide (TMAO) and urea belong to an important class of small 
biomolecules called osmolytes. Osmolytes affect biological functionality through the 
regulation of water,66-68 and many of the theories put forth to explain TMAO’s 
ability to stabilize proteins and urea’s denaturing effects have centered around their 
effective destabilization of hydrogen bonded networks of water.55, 56, 69-96 Although 
most osmolytes are “compatible” and do not perturb macromolecules even at high 
concentrations, it is well known that urea is a protein destabilizer.97 The study of 
the molecular-level mechanism for this destabilization has a long and storied 
history,67, 71, 82, 98-105 and most recent studies agree that urea utilizes a direct 
mechanism to denature proteins.101-106 For example, Wei et al. showed that urea 
directly interacts with the protein backbone to destabilize and unfold proteins.107 
However, a competing theory suggests that urea alters water structure and 
dynamics, thereby diminishing the hydrophobic effect and encouraging solvation of 
hydrophobic groups.99 These water-urea interactions enhance hydrophobic groups’ 
solvation in the unfolded state of proteins.  
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Contrary to the destabilizing effects of urea, it is well-established that 
TMAO stabilizes protein folding and counteracts the deleterious effects of urea.108-
110 The exact mechanism by which TMAO stabilizes protein folding is a popular 
topic of debate with some studies suggesting that solvent interactions do not play 
a large role in TMAO’s stabilizing effects and therefore advocate direct 
stabilization.111 More recent studies argue that TMAO counteracts denaturation 
primarily through strong solvent interactions or by an indirect effect.55, 75, 84 It is 
known, for instance, that TMAO preferentially hydrogen bonds to three water 
molecules through its oxygen atom,55, 56, 80 as shown in Figure 4.1 and that TMAO 
interactions make the hydrogen bonding network of water stronger than the 
network in pure water.60, 73, 80 This so-called “iceberg water” in turn “dehydrates” 
the protein backbone carbonyl functional group, making the un-folded protein 
structure more unfavorable.84 Previous studies have also found that TMAO is 
preferentially excluded from interacting with the protein backbone and side chains 
of proteins, leading to a destabilization of the unfolded structure.112-114 
This hydrophobic effect places doubt on the possibility of TMAO directly 
interacting with proteins to counteract urea’s destabilization of proteins. This 
exclusion from backbone interaction, coupled with the fact that TMAO molecules 
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take up space around the proteins, suggests that there is likely another mechanism 
by which TMAO affects protein stability in the presence of urea.  
                       
 
 
 
Figure 4.1 TMAO is known to preferentially hydrogen bond to three water molecules 
through its oxygen atom.55, 56, 80 
 
When both osmolytes are together in solution, TMAO counteracts urea’s 
destabilizing effects on proteins. In fact, it has been shown that TMAO can 
effectively counteract urea’s denaturation of proteins in concentration ratios as low 
as 1:2 TMAO to urea.99, 115, 116 This counteraction is maximized when the osmolytes 
are in a 2:1 TMAO to urea ratio.117 The molecular level mechanism by which this 
counteraction occurs is still unclear, although it has become a very popular topic 
for study in recent years.77-80, 85, 86, 88, 89, 91, 93, 118 One popular hypothesis is that 
that TMAO’s stabilization of the folded protein overpowers the stabilization of the 
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unfolded protein state by urea.108, 115, 116 Although favorable TMAO interactions 
with protein side-chains actually promote protein denaturation, the highly 
unfavorable TMAO peptide-backbone interactions offset the favorable TMAO side-
chain interactions. Urea, on the other hand, interacts favorably with both the 
protein peptide backbone and protein side chains. Because side chain interactions 
for both TMAO and urea favor the unfolded state, TMAO exclusion from the 
backbone could be the sole origin of protein protection. This mechanism would also 
account for TMAO’s ability to counteract urea in all proteins, regardless of the 
side chains.83 
Although much research has focused on how TMAO and urea interact 
independently or collectively with proteins, until very recently, few studies have 
focused on the molecular-level interactions between the two osmolytes themselves. 
In a neutron diffraction study, Meerman et al. suggested that the oxygen atom on 
TMAO preferentially interacts with the amine groups of urea rather than with 
water when both osmolytes are together in solution.80 This direct TMAO-urea 
interaction, coupled with TMAO’s exclusion effects, would account for the ability 
of TMAO to counteract urea denaturation in solutions of 1:2 TMAO-urea 
concentration ratio. This hypothesis has recently been supported by Ganguly, et 
al. who showed using theoretical models that there is a delicate balance of TMAO-
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water, TMAO-TMAO, and TMAO-urea interactions.89 Sahle, et al. studied the 
structure of water in concentrated TMAO-urea solutions using inelastic X-ray 
scattering and concluded that the hydrogen bonding structure of water remains 
intact if both osmolytes are present in low concentrations and that TMAO and 
water interact much more strongly than urea and water.119  
We seek here to elucidate the effects of molecular level interactions of 
TMAO and urea in solution using a combination of Raman vibrational 
spectroscopy and the results of electronic structure calculations. We, and others, 
have shown previously that shifts in vibrational frequencies can indicate hydrogen 
bonding in amphoteric molecules, with red-shifting occurring when the amphoteric 
species acts as a proton donor and a blue shift occurring when the amphoteric 
species acts as a proton acceptor.51, 52, 57-59, 120-122 These shifts are helpful in 
revealing the structure of water around TMAO and urea. In our previous studies, 
we used Raman spectra and the results of electronic structure calculations to 
elucidate the structure of water, methanol, ethanol, and ethylene glycol in solution 
with TMAO.51, 52 Here, we use the subtle changes in Raman spectra that result 
from TMAO/urea inter-actions to paint a molecular-level picture. 
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4.3 Spectroscopic Methods  
Commercial grade anhydrous trimethylamine N-oxide (Tokyo Chemical Industry) 
and urea (Sigma-Aldrich) were used without further purification. The excitation 
sources employed for Raman spectroscopy were the 532 nm line from a Horiba 
LabRAM HR Evolution Raman spectrometer with an 1800 grooves/mm grating. 
Raman Spectra of saturated TMAO in water (χTMAO = 0.08, 5 M), saturated urea 
in water (χUREA = 0.27, 20 M), and a 1:1 mixture of these solutions were collected.  
The concentrations of urea and TMAO in this mixed solution was 10 M and 2.5 
M, respectively, leading to a ratio of four urea molecules to every one TMAO 
molecule.  These concentrations were selected to maximize the number of osmolyte 
molecules in solution.  Additional mixtures at lower concentrations were created to 
explore the effect of changing this ratio.   
 
4.4 Theoretical Methods  
Optimized equilibrium geometries and corresponding electronic energies of TMAO, 
urea, and TMAO and urea interacting with up to four water molecules were 
obtained using density functional theory.52, 53, 123 Truhlar’s Minnesota functional 
M06-2X was utilized.51 The basis sets used are the augmented correlation consistent 
basis sets aug-cc-pVDZ and aug-cc-pVTZ created by Dunning and co-workers.124 
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All calculations were performed using the Gaussian09 software.125 Simulated 
Raman spectra were created by summing Lorentzian profiles for each normal 
mode.65 
 
4.5 Spectroscopic Results  
Figure 4.2 compares the Raman spectra of saturated aqueous solutions of TMAO 
and urea to that of a 1:1 mixture of these solutions.  This concentration was chosen 
to maximize the number of osmolytes present in solution.  We showed previously 
that increasing dilution does not affect features in the Raman spectra of TMAO. 
51, 52 At first glance the spectra are additive.65 However, when comparing the 
locations of nor-mal modes for TMAO and urea in the three solutions, there is a 
noticeable 11 cm-1 blue shift in the broad feature centered at 1591 cm-1. Figure 4.3 
highlights this spectral region in greater detail. Spectra of additional concentrations 
were collected to explore the effects of con-centration and molecular ratio. In 
Figures 4.2 and 4.3, there are four urea molecules for every TMAO molecule. Figure 
4.4 compares the Raman spectrum of a 4 M aqueous urea solution to that of an 
aqueous solution that is 4 M urea and 4 M TMAO (1:1 molecular ratio).  This 
yields a result nearly identical to that shown in Figure 4.3.   
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Figure 4.2 Raman Spectra of saturated aqueous TMAO (top) and urea (middle) 
solutions and mixture of these saturated solutions. 
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Figure 4.3 Experimental Raman spectra in the region of urea’s HNH bending motions 
of a saturated urea solution (solid) and a urea:TMAO solution (dashed) created by 
combining a saturated urea solution with a saturated TMAO solution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4 Raman spectra of 4 M aqueous urea compared to an aqueous solution that is 
4 M urea and 4 M TMAO.  
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4.6 Theoretical Results 
To aid in the analysis of experimental Raman spectral results, simulated Raman 
spectra were created using optimized structures of molecular clusters obtained 
using electronic structure theory.  It is important to point out that since we are 
comparing aqueous solutions of TMAO and urea, the study of hydrated molecular 
clusters is essential.  Figure 4.5 shows the minimum energy structures of TMAO 
interacting with urea and water.  Hydrated urea structures are also shown in Figure 
4.5 since we wish to elucidate the effect of introducing TMAO into hydrated urea. 
The relative energies for these different structures are presented in Table 4.1.  
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Figure 4.5 Optimized structures of TMAO, urea, with up to four water molecules. 
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Table 4.1 Relative energies in kcal/mol of the minimum energy TMAO/Urea/Water 
structures using the M06-2X method and either aug-cc-pVDZ or aug-cc-pVTZ basis sets 
(including ZPE corrections). 
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We previously reported optimized molecular clusters involving TMAO and 
water and demonstrated that TMAO’s oxygen atom played a critical role in 
directing the hydrogen bonded solvent networks. 51, 52 Zero-point energy corrections 
were performed on all structures. For the lowest energy conformations involving 
both TMAO and urea, a water molecule is found between the oxygen atom of 
TMAO and a hydrogen atom on one nitrogen atom of urea. For the conformations 
involving only urea, the lowest energy conformations have water molecules oriented 
around urea’s oxygen atom. Interestingly, one of the conformations (U3W-E) which 
exhibits an intact hydrogen bond network is significantly higher in energy than 
conformations with disrupted networks. 
Vibrational frequencies and Raman activities were calculated and Raman 
spectra were simulated by summing Lorentzian profiles of each normal mode.  
Figure 4.6 compares the simulated Raman spectrum for the lowest energy 
conformation of hydrated urea (U3W-A) with the lowest energy structure involving 
TMAO, urea, and three water molecules (TU3W-A) in the region of urea’s H-N-H 
bending motions using two different Lorentzian peak widths. M06-2X/aug-cc-
pVTZ frequencies have been scaled by 0.97 to partially correct for anharmonicity. 
The simulated spectrum constructed with the experimentally observed Lorentzian 
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peak width is remarkably similar to the experimental spectrum and results from 
seven overlapped normal modes. An overall blue shift of 9 cm-1 of the large feature 
centered 1575 cm-1 is reproduced by theory and agrees very well with the 11 cm-1 
shift observed experimentally.   
The spectra with narrow peak widths are included to show the contributions 
from that yield the broad experimentally observed features.  
Figure 4.6 Simulated Raman spectra of TU3W-A compared to U3W-A. 
 
The very good agreement between experiment and theory suggests that the 
theoretical simulations can be used to assign the experimental features. The most 
hydrated optimized structure is likely to be the most accurate simulation of 
saturated experimental solutions.57  In this case, this is the dimer with three water 
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molecules (TU3W-A). Upon examination of the individual normal mode 
trajectories, the peak in the experimental urea spectrum at 1591 cm-1 in Figure 4.3 
that experiences the blue shift in the presence of TMAO is dominated by the H-N-
H symmetric bending mode of urea.  Most other hydrated structures also show this 
same blue shift, suggesting that interactions between urea and TMAO likely 
involve urea’s N-H bonds.   
In addition to the lowest-energy case presented above, a comparison of 
U3W-B with TU2W-G also yields strong evidence for this direct interaction. When 
comparing the structures of U3W-B with TU2W-G, two water molecules are 
hydrogen bonded to urea’s oxygen atom. In U3W-B, the lower hydrogen atoms on 
each NH2 group of urea is hydrogen bonded to the oxygen atom of another water 
molecule.  In TU2W-G, this third water is directly replaced by a TMAO molecule 
with the same number of hydrogen bonds.  In U3W-B, the mode that has the 
highest degree of HNH symmetric bend is 1611 cm-1 while this is blue-shifted in 
TU2W-G to 1633 cm-1. More evidence comes from a comparison of TU3W-A with 
U4W-A.  The number of hydrogen bonds to urea are the same in each structure.  
In U4W-A, the HNH symmetric bend is 1637 cm-1 compared to 1642 cm-1, showing 
again that replacing a water molecule with TMAO directly leads to a blue shift.  
Another good example of this effect is the replacement of the water molecule in 
 
42 
 
U3W-A which is hydrogen bonded to the hydrogen atom in urea with a TMAO 
molecule (TU2W-H).  In U3W-A, the HNH symmetric bend is 1635 cm-1 and the 
HNH symmetric bend in TU2W-H is 1637 cm-1. This is the smallest blue shift, 
likely because only one of the hydrogen atoms in urea is involved in a hydrogen 
bond in both of these structures. Thus, one would expect the blue shift to be smaller 
in this last comparison.  
The solvation of urea has been studied previously by others and provides 
insight into urea’s favorable interaction sites.126-132 Water molecules tend to 
aggregate to either side of the carbonyl oxygen on urea and in between the two 
amine groups of urea. The lower energy conformations of urea and water split the 
water molecules be-tween multiple interaction spots. Interestingly, water molecules 
do not maintain a hydrogen bond network in the presence of both urea and TMAO.  
This is in stark contrast to our earlier observations for pyrimidine and water 
interactions.57, 58 This is also in contrast to TMAO-water structures in which waters 
prefer to interact with each other in the lower energy structures.56 These findings 
support the literature case that urea de-stabilizes water hydrogen bonding 
networks, allowing water molecules to attack protein structures.84 In the lower 
energy conformations of the dimer with water, the blue shift found experimentally 
is reproduced computationally when the TMAO molecule’s oxygen acts as a 
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hydrogen bond acceptor and the amine hydrogen atoms act as hydrogen bond 
donors. In these structures, the oxygen atom on TMAO interacts with one of the 
hydrogen atoms on a nitrogen atom of urea and one water molecule. This data 
suggests that TMAO directly interacts with urea at high concentrations, in 
agreement with studies by Meersman, et al.80, 85 This contrasts other studies that 
suggest that no such interaction is present at physiological concentrations.85, 91, 119, 
133  
 
4.7 Conclusions 
The interactions between TMAO and urea in saturated aqueous solutions were 
investigated using Raman spectroscopy and electronic structure computations. 
Very good agreement between experiment and theory suggests urea and TMAO 
directly interact in aqueous solution, at least at high concentrations.  Molecular 
cluster conformations with central urea molecules are lower in energy than those 
that maintain a hydrogen-bonded water network. When TMAO is introduced to 
urea in aqueous solution, a significant blue shift in the H-N-H symmetric bending 
mode of urea is observed experimentally. This result is observed both in 
conformations of TMAO and urea with water and in conformations with-out water, 
suggesting the blue shift directly results from interactions between TMAO and 
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urea. Together, these results suggest that, at least at high concentrations, TMAO 
directly counteracts urea’s destabilizing effect on proteins through direct 
interactions with urea’s amine groups.   
 
4.8 Note 
 
This work was published in the Journal of Physical Chemistry B, and it was 
featured as a cover for the September 27, 2018 issue.134 Professor David Magers, 
Sarah G. Zetterholm, Leeann Boutwell, Johnathan Bethea, and Professor Shelley 
A. Smith (Mississippi College) performed full geometry optimizations and 
corresponding harmonic frequency calculations included in this thesis. I then used 
that data to create simulated spectra.  
 
Figure 4.7 Journal of Physical Chemistry B, September 27, 2018 issue. 
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CHAPTER 5 
RAMAN SPECTROSCOPIC AND QUANTUM CHEMICAL 
INVESTIGATION OF THE EFFECTS OF TRI-METHYLAMNINE 
N-OXIDE (TMAO) ON HYDRATED GUANIDINIUM AND 
HYDROGEN BONDED WATER NETWORKS 
 
5.1 Abstract 
The effects of trimethylamine-N oxide (TMAO) on guanidinium chloride and 
hydrogen-bonded networks of water are explored in this joint Raman spectroscopic 
and quantum chemical study. Both TMAO and guanidinium are osmolytes that 
affect the stability of proteins, as TMAO is known to stabilize and counteract the 
destabilizing effects of guanidinium. While guanidinium is very similar in chemical 
structure to urea, the exact mechanisms of the molecular interactions between 
guanidinium, TMAO, and proteins continue to be investigated.  Herein, we use 
Raman spectroscopy to elucidate the physical interactions between TMAO and 
guanidinium in aqueous solutions to better understand how these important 
osmolytes interact with each other and affect adjacent hydrogen-bonding networks 
of water. Comparing experiment to theory yields good agreement, and allows for 
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the identification and tracking of different vibrational modes.  It was determined 
that adding TMAO into an aqueous solution of guanidinium induces a blue shift 
(shift to higher energy) in guanidinium’s H-N-H bending modes, which is indicative 
of direct interactions between the two osmolytes and similar to the earlier results 
observed for TMAO interacting with urea. 
 
5.2 Introduction  
Osmolytes belong to a class of small organic molecules that play crucial roles in 
protecting organisms’ cells against environmental stressors, such as high pressure, 
salinity, and temperature.67, 68, 135, 136 Such environmental stressors induce osmotic 
changes in cells, which in turn can negatively impact proteins and disrupt 
important physiological processes.137 Several aquatic organisms such as coelacanth 
(sharks) and marine elasmobranchs (rays) naturally possess elevated levels of 
osmolytes in their tissues to help combat environmental stressors.115, 138, 139 
Osmolytes are typically categorized into three classes: amino acids and their 
derivatives, polyhydric alcohols, and methylamines.138, 140, 141 While osmolytes of 
the first two classes have little effect on protein function, those of the third class 
are known to counteract the negative effects of urea and guanidinium chloride.68, 
138, 142  
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Osmolytes favor protein stability and have the potential to induce the 
folding of proteins in vitro.97, 143, 144 Trimethylamine N-oxide (TMAO) is a well-
known member of this class of osmolytes.97 TMAO counteracts the denaturing 
effects of urea and guanidinium chloride on proteins and induces the folding of 
proteins at pH values above its pKa of 4.7.80, 138, 145 Guanidinium chloride, a 
guanidinium salt, is found in urine as a by-product of protein metabolism and has 
a denaturing effect on proteins, similar to urea.146 Figure 5.1 shows the structures 
of TMAO, urea, and the guanidinium cation.  
 
 
Figure 5.1 Molecular structures of TMAO (left), urea (middle), and guanidinium 
(right). 
 
While guanidinium is structurally similar to urea having two amine groups, 
the exact mechanism by which guanidinium destabilizes proteins is largely 
unknown.147-151 Moreover, there has been a great deal of controversy surrounding 
the molecular interactions between denaturants such as guanidinium and 
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stabilizing osmolytes such as TMAO. One popular theory suggests that the 
stabilization of proteins is mediated through the direct interaction between the 
osmolyte and the protein,143, 152, 153 which is commonly known as the “direct 
effect.”55, 83, 107, 110, 154, 155 Conversely, other studies have concentrated on the effects 
that the osmolyte has on hydrogen-bonded water networks, which has been shown 
to affect the stability of the protein through the rearrangement of the solvation 
shell.144, 156, 157 This theory is known as the ‘indirect effect.”51, 158-160 TMAO’s 
indirect interaction with the amide unit on peptide backbones is thought to play a 
significant role in protein stabilization.76, 144, 161 This indirect interaction between 
TMAO and the protein’s functional groups has an impact on water’s structure 
through an increase in both the number of water-water hydrogen bonds and the 
strength of these bonds.76, 162 Previous studies by us and others have shown that 
TMAO forms hydrogen bonds with an average of three water molecules, and that 
the water network does not interact with the methyl groups due to their 
hydrophobic nature, which creates a void.55, 56, 80, 144 This void space causes the 
surrounding water molecules to become “ice-like” by creating a stronger hydrogen 
bonding network, a phenomenon known as the “hydrophobic effect” with the 
formation of  “iceberg water.”55, 144, 156, 157, 163, 164 The occurrence of the hydrophobic 
effect, along with TMAO’s indirect interactions with the amide unit on the peptide 
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backbone, suggests that TMAO does not have to directly interact with proteins to 
counteract the deleterious effects of guanidinium.144 
When both TMAO and guanidinium are present together in solution, 
TMAO is known to counteract the destabilizing effects of guanidinium. Unlike 
urea, the charged guanidinium cation does not destabilize proteins by hydrogen 
bonding to the peptide group in proteins.151 A number of molecular dynamics 
studies have investigated the mechanisms governing interactions between 
guanidinium and proteins. These studies have suggested that guanidinium interacts 
with proteins through electrostatic interaction with polar or charged side chains,165-
167 by hydrogen bonding with the carboxylic acid groups,151 hydrophobic 
interactions between the cation (Gdm+) and aromatic groups, 162,168 or by 
disrupting the structure of surrounding water molecules.169, 170 Guanidinium’s 
ability to readily form a hydrogen bond with water within the plane of the ion 
suggests that this effect may aid in its ability to denature proteins,163, 166, 171-173 
supporting the idea that guanidinium indirectly interacts with the protein. While 
much research has focused on TMAO’s interactions with water, few studies have 
examined molecular level interactions between guanidinium and water.  One 
exceptions is a gas-phase study by Cooper et al. that explored the hydration of 
guanidinium using laser-based infrared spectroscopy.166 
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Since the two denaturants urea and guanidinium80 are similar in chemical 
structure, it is beneficial to take into account previous work describing the 
interactions between TMAO and urea when considering guanidinium. One previous 
study on TMAO-urea interactions by Meersman et al. suggested that TMAO has 
the ability to counteract urea’s denaturation of proteins in solutions at a 
concentration ratio of 1:2 TMAO: Urea.80, 93, 99, 115, 116 Moreover, TMAO’s ability 
to counteract urea is increased in solutions of a 2:1 TMAO: urea concentration 
ratio.108, 115, 116 Meersman suggested that this phenomenon is largely due to the 
oxygen atom of TMAO interacting with the amine groups of urea instead of 
hydrogen bonding with neighboring water molecules; however, the result of this 
paper was later revised, with Meersman reporting weak noncovalent interactions 
between the osmolytes.80, 85 On the other hand, other studies have suggested that 
TMAO and urea interact via hydrogen bonding, which prevents urea from 
interacting with the proteins.85, 101, 102 Some results intimated that TMAO 
strengthens the tetrahedral conformation of the surrounding water molecules while 
urea weakens them, suggesting a stronger interaction between TMAO and water 
compared to urea and water.85, 112, 174-176 More recently, we showed that TMAO 
preferentially interacts with urea, which induces a blue shift (shift to higher energy) 
in the vibrational frequencies of the H-N-H symmetric bending mode of urea.80, 134  
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Here, we examine the Raman spectra of mixtures of TMAO and 
guanidinium in aqueous solutions and compare our results to theoretical predictions 
in order to gain a better understanding of the relevant interactions between the 
two osmolytes. Based on previous work, the structural similarities between 
guanidinium and urea suggests that TMAO should have the ability to counteract 
guanidinium’s denaturation of proteins in solutions with as little as a 1:2 TMAO 
to guanidinium concentration ratio.  Few studies, however, have focused on 
elucidating TMAO’s ability to counteract guanidinium’s denaturation of proteins 
at different concentration ratios. Although guanidinium may elicit a different effect 
on proteins than urea, it should induce a similar change in the surrounding 
hydrogen bonded water network.169 
 
5.3 Experimental Methods 
Commercial grade anhydrous trimethylamine N-oxide (Sigma Aldrich) and an 8M 
solution of Guanidinium-Chloride (Sigma Aldrich) were used without further 
purification. A Horiba LabRAM HR Evolution Raman Spectrometer with CCD 
camera detection was used.  The excitation source used for Raman spectroscopy 
was the 532nm line of a diode laser with either a 600 or 1800 grooves/mm grating. 
Spectra were obtained for saturated TMAO in water (χTMAO= 0.27, 8M) and Gdn-
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HCl in water (χGdn-HCl = 0.38, 8M). TMAO:Gdn-HCl ternary solutions at 1:1 
(4M:4M) and 1:2 (2M:4M) molar concentration ratios were then created from these 
and studied. 
5.4 Theoretical Methods  
Full geometry optimizations and corresponding harmonic frequency calculations 
were performed on TMAO, guanidinium cation, and water using common DFT 
methods, specifically the M06-2X51 and ωB97XD177 functionals, and using 
Dunning’s aug-cc-pVDZ and aug-cc-pVTZ basis sets.52-54 DFT methods have been 
previously used to study similar biomolecules,55-60, 178 with M06-2X specifically 
being shown to account for the dispersion that affects the hydrogen bonding 
interactions occurring in aqueous solvation shells.61-64  Lorentzian-type functions 
for each normal mode were combined in order to create simulated Raman spectra.65, 
134 Zero point energy (ZPE) corrections were applied for the comparison of relative 
energetics 
 
5.5 Spectroscopic Results 
The Raman spectra of neat aqueous solutions of either guanidinium or TMAO of 
various concentrations were analyzed first to confirm that spectral features of each 
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did not vary with concentration. Figure 5.2 compares the Raman spectra of 8M 
TMAO and 8M guanidinium solutions to that of an equimolar (4M:4M) TMAO: 
guanidinium solution. For the vast majority of spectral features, no changes are 
obvious for either TMAO or guanidinium in the 1:1 mixture.  However, two 
apparent blue shifts are observed in the region of guanidinium’s H-N-H bending 
modes, as highlighted in Figure 5.3. 
 
 
Figure 5.2 Raman spectra of saturated aqueous TMAO (top, 8M) and guanidinium 
(middle, 8M) solutions compared to a mixture of these saturated solutions (4M:4M). 
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Figure 5.3 Experimental Raman spectra in the region of guanidinium’s H-N-H 
bending motions of a saturated guanidinium solution (solid) and a saturated 
guanidinium-TMAO solution (dashed). 
 
The first change is a 6.6 cm-1 blue shift in the first broad feature located at 
1556.5 cm-1 and the second is an 8.6 cm-1 blue shift in the second peak of the broad 
feature located at 1652.0 cm-1. We previously reported that shifts in vibrational 
frequencies can serve as indicators for the formation of hydrogen bonds.55, 56, 83, 122, 
179  More specifically, blue shifting is represented by an increase in vibrational 
frequency, and is indicative of the amphoteric species acting as a proton acceptor.55-
59, 120, 122  In addition to comparing the Raman spectra of equimolar concentrations 
of ternary TMAO: guanidinium solutions, a 1:2 (2M:4M) solution of TMAO: 
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guanidinium was also examined and the result is shown in Figure 5.4. Even in 
solutions where molecular concentrations of guanidinium are double that of TMAO, 
both broad features still undergo a blue shift. The feature at 1556.5 cm-1 undergoes 
a 5.9 cm-1 shift to 1562.4 cm-1, and the second exhibits a 7.2 cm-1 shift. The 
noticeable changes in both broad features suggest an interaction between TMAO 
and guanidinium and stronger interactions between TMAO and water in 
comparison to guanidinium and water. 
  
Figure 5.4 Experimental Raman spectra in the region of guanidinium’s H-N-H 
bending motions of a saturated guanidinium solution (solid) to a 1:2 TMAO- 
guanidinium solution (dashed). 
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5.6 Theoretical Results 
In order to characterize the individual vibrational motions occurring at each peak 
in the experimental Raman spectra, quantum chemical approximation methods 
were employed to generate simulated Raman spectra for the systems of interest. 
Shown in Figure 5.5 are the optimized molecular geometries of 
TMAO/guanidinium/water and guanidinium/water molecular clusters. The 
relative energies for each of the hydrated structures were calculated and are 
included in Table 5.1.  Zero point energy corrections were performed on all 
molecular structures and are included in the presented energies. 
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Figure 5.5 Optimized structures of TMAO and guanidinium with up to four water 
molecules. 
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Table 5.1. Relative energies in kcal/mol of the minimum energy 
TMAO/guanidinium/water structures using the M06-2X density functional and either 
aug-cc-pVDZ and aug-cc-pVTZ basis sets (ZPE correction was applied to the energies). 
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In most cases with the TMAO/guanidinium/water molecular clusters, there 
exists one or more water molecules hydrogen bonded to the oxygen atom of TMAO. 
This is consistent with our previous study where we examined noncovalent 
interactions in the hydrogen bond networks of TMAO.55, 56 Good agreement 
between experiment and theory previously illustrated the importance of TMAO’s 
oxygen atom in directing the structure of hydrogen-bonded networks, as TMAO’s 
oxygen atom accepts three hydrogen bonds from water molecules on average.55, 56 
With the exception of the lowest energy conformation with one water molecule, the 
lowest energy conformations for TMAO/guanidinium/water clusters all have at 
least one water molecule hydrogen bonded to TMAO’s oxygen atom. Moreover, 
the water molecule is also hydrogen bonded to a hydrogen atom from one of 
guanidinium’s nitrogen atoms. On the other hand, the lowest energy conformation 
for guanidinium/water clusters have water’s oxygen atom hydrogen bonded with 
two hydrogens from one of guanidinium’s nitrogen atoms. This remains the case 
for up to three water molecules. 
Figure 5.6 compares the simulated Raman spectra of the lowest energy 
conformation of TMAO, guanidinium, and three waters, to that of hydrated 
guanidinium with three waters in the H-N-H bending region of guanidinium.  
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Figure 5.6 Simulated Raman spectra of TG3W-A (dotted gray) compared to GM3W-A 
(solid black). 
 
The simulated Raman spectra were created by using optimized equilibrium 
geometries of molecular clusters from M06-2X/aug-cc-pVTZ harmonic vibrational 
frequencies and summing Lorentzian functions for each normal mode. The lowest 
energy configuration with the most waters - in this case TGM3-A - is most likely 
to exhibit properties that most closely match experimental data obtained at room 
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temperature.147, 178 Frequencies were scaled using a correction factor of 0.984 in 
order to partially correct for anharmonicity.180 Figure 5.6 includes simulated 
spectra using linewidths similar to those observed experimentally and also narrower 
linewidths so that the individual contributions from normal modes can be 
visualized.  While little to no shift is observed in the first broad feature centered 
at approximately 1560 cm-1, there are obvious blue shifts observed in the higher 
energy features.  The overall 8.8 cm-1 shift in the second broad feature agrees closely 
with the 8.6  cm-1 shift observed experimentally.    
5.7 Discussion 
Hydration studies performed on the guanidinium cation by Cooper et al. 
demonstrated that water-water bonding becomes preferred over water-ion bonding 
when four or more water molecules are present.166 In turn, a second hydration shell 
is created, suggesting that the cation is weakly hydrated.166 Here, for TG3W-A, 
the lowest energy conformation for the osmolyte pair interacting with three water 
molecules, two water molecules form hydrogen bonds with TMAO’s oxygen atom 
and two of guanidinium’s NH2 groups. Conversely, when another water molecule 
is added to guanidinium (GM3W-A), all of guanidinium’s NH2 groups have water 
molecules hydrogen bonded to them, filling all of guanidinium’s available binding 
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sites. When a fourth water molecule is added to TMAO and guanidinium (TG4W-
A), the additional water molecule preferentially forms a hydrogen bond with 
another water molecule over hydrogen bonding with one of guanidinium’s binding 
sites.  
In isolation, the guanidinium ion has a Raman-active asymmetric degenerate 
mode around 1600 cm-1,181, 182 which can be seen in Figure 5.6. Vorobyev et al. 
examined this degenerate mode previously using ultrafast vibrational spectroscopy, 
and later ultrafast 2D IR Echo spectroscopy.181, 182 This degenerate mode was found 
to correspond to a CN3 stretch and NH2 scissor motions.182 A later study by 
Vorobyev et al. on the water-induced relaxation of guanidinium’s degenerate mode 
suggested that NH2 groups bend out of plane and wag rapidly due to interactions 
with surrounding water molecules. The corresponding frequencies of this degenerate 
mode can be correlated with the configuration of guanidinium’s NH2 groups.182 
While previous studies have sought to elucidate the hydration of guanidinium, the 
micro-solvation of TMAO, and the effects of TMAO on other osmolytes, namely 
urea, few studies have focused on TMAO and guanidinium interactions. Our results 
suggest that adding TMAO to aqueous solutions containing guanidinium induces 
a blue shift in guanidinium’s H-N-H bending motions.  This implies a direct 
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interaction of both the NH2 groups of the guanidinium and water with TMAO at 
high concentrations, causing a disruption of guanidinium’s surrounding hydration 
shell. Blue shifting occurs as guanidinium’s NH2 groups act as hydrogen bond 
donors and as TMAO’s oxygen acts as a hydrogen bond acceptor. Moreover, the 
lowest energy conformations of TMAO, guanidinium, and water illustrate the 
disruption of guanidinium’s hydrogen bond network, as both water and 
guanidinium directly interact with TMAO.   
5.8 Conclusions 
The effects of TMAO and guanidinium chloride on the hydrogen bond network of 
water were investigated using Raman Spectroscopy and DFT calculations. Good 
agreement between experimental and theoretical results suggests that TMAO and 
guanidinium interact directly in solution at high concentrations. When TMAO is 
added to guanidinium in aqueous solution, a blue shift occurs in guanidinium’s H-
N-H bending region. These findings support previous studies on urea and 
guanidinium, suggesting that both of these osmolytes destabilize proteins in a 
similar fashion, disrupting existing water-water networks in an indirect mechanism. 
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5.9 Note  
This work was submitted to the Journal of Raman Spectroscopy in February 
2020, and it is currently in revision. Professor David Magers, Mary Hannah Byrd, 
and Professor Shelley A. Smith (Mississippi College) performed full geometry 
optimizations and corresponding harmonic frequency calculations included in this 
thesis. I then used that data to create simulated spectra. 
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